We have determined the cause of performance variation as a function of system parameters in supercontinuum (SC) sources in a normal-dispersion fiber by numerically analyzing the noise evolution of the SC. High-order nonlinearity was considered in such an analysis for the first time to our knowledge. We found that the evolution of noise along the SC fiber has two stages: First, the noise is governed by dispersion, which is different from that of the signal, whereas self-steeping leads to an asymmetric noise distribution across the spectrum. Second, four-wave mixing generates new noise components, whereas Raman scattering augments the asymmetry. We evaluated the qualities of the spectrally sliced pulses at several stages to verify the analysis and found an asymmetric profile of the sliced-pulses' quality versus frequency. © 2004 Optical Society of America OCIS codes: 060.2380, 060.4370, 060.4510, 190.4370. Supercontinuum generation (SCG) in optical f ibers is an attractive phenomenon that has been exploited for broadband spectrum-sliced optical sources in wavelength-division multiplexing transmission systems.
Supercontinuum generation (SCG) in optical f ibers is an attractive phenomenon that has been exploited for broadband spectrum-sliced optical sources in wavelength-division multiplexing transmission systems. 1 Although SCG in the anomalous-dispersion region can generate a broad optical spectrum, a complex interplay of nonlinear effects in this dispersion region results in instability of SCG, 2 which, however, does not occur in the normal-dispersion region. Thus the use of SCG in a normal-dispersion fiber is an attractive approach to generating stable spectrum-sliced pulses. The quality of sliced pulses in this kind of f iber was numerically studied recently, 3, 4 but those studies did not analyze the cause of the difference in quality of the sliced pulses relative to variations in system parameters. A better understanding of the cause is helpful for optimization of system parameters. Furthermore, the effects of high-order nonlinearity were not included in those analyses, but these effects cannot be neglected for experiments in which ultrashort pulses and high power are used. 5 In this Letter we discuss the cause of such variation in performance by numerically analyzing the noise evolution of a supercontinuum (SC). The qualities of the pulses that were spectrally sliced at different fiber lengths are evaluated, with high-order nonlinearity included.
We consider the model of a typical SC source. The pulses are amplif ied, filtered, and launched into a SC fiber. An optical amplif ier introduces amplif ied spontaneous emission noise that is modeled as white Gaussian noise. The SC spectrum is generated in the fiber and then sliced by optical f ilters to produce the transmission channels. The channels are modulated and used for data communication. The SCG in the fiber is governed by 6 
≠A͑Z,
where A͑Z, T ͒ is the slowly varying pulse envelope and g n 2 v 0 ͞cA eff is the nonlinear coefficient, where n 2 is the nonlinear-index coeff icient and A eff is the fiber effective area. The nonlinear response function R͑T ͒ can be written as We divide our analysis into two steps, f irst employing the following simple model:
where z and t are Z͞L d and T ͞T 0 , respectively, and then including other effects. The only parameter in this simple model is Figure 1 (a) shows the broadened spectral width (FWHM) versus L͞L d , where N 13.5 and L m denotes the length where the spectral width broadens to the first maximum. It is evident that there are two spectral broadening processes, which are due mainly to self-phase modulation (SPM) and four-wave mixing (FWM), respectively. 4 Figures 1(b), 1(c), and 1(d) show one sample of the pulse, four samples of the spectrum, and the amplified tailing edge of the pulse after SCG at L 1.48L d , respectively. Based on the spectrum evolution, noise evolution along the fiber also has two stages: a small perturbation of the signal, noise a͑z, t͒ satisfies the following equation 6 :
where a ‫ء‬ is the conjugation of a. 
where noise k equals 60.5jVj
2 . Although the equations are derived for a cw signal, they can also imply the characteristics of noise evolution at this stage. From Eq. (4), 1͞n g of the noise is dk͞dV 6͑2V 2 
2 and 1͞n g dk͞dV V. Figure 1 (e) shows plots of 1͞n g of both the signal and the noise versus V in a cw environment. The f igure shows several characteristics that need to be emphasized. First, the negative and the positive frequency components of the signal disperse to the leading edge and the tailing edge of the pulse, respectively, 6 whereas both components of the noise disperse to both edges of the pulse simultaneously. Different frequency components of the noise separate because they have different time delays, as shown in Fig. 1(d) . Second, from Fig. 1(e) we f ind that the dispersion of the noise is larger than that of the signals. This dispersion difference separates the signal and the noise in time and is substantial when N ͑L d ͞L n ͒ 1͞2 is large and V is small. The N value of the SC input pulse is typically larger than 10. Thus, for the pulse center with V ϳ 61, this dispersion difference cannot be neglected. Consequently the noise gradually moves to the pulse edges.
2. When L . 0.5L d , besides the characteristics when L , 0.5L d , the effect of FWM between the original noise and the signal becomes distinct. 4 New noise components are generated. The original noise disperses mainly to both sides, away from the pulse center, as shown in Fig. 1(b) , and thus leads to larger new noise in this region, in the frequency domain corresponding to the range 0.5 THz , j f j , 1.5 THz in Fig. 1(c) . This newly generated noise makes the peak amplitude of the sliced pulse unstable and will be even larger when N is larger.
Based on the analysis above, the qualities of pulses spectrally sliced at different f iber lengths are assessed. Figures 2(a) and 2(b) show the noise variance of 60 sliced channels (with slicing f ilter width FWHM ϳ 0.8 nm) for the space and the pulse peak, respectively, in a single sliced-pulse period. The noise of the space exists only for channels in the central spectrum, whose width is determined by the optical filter before the SC fiber and does not change as the length increases. 3 The noise of the pulse peak, however, changes dramatically with f iber length. For the channels at the spectrum center (j f j , 0.5 THz), the original amplified stimulated emission noise dominates. Because of the large dispersion difference in this region, as the fiber length increases, the noise and the signal gradually separate in time, which causes the noise variance of the sliced-pulse peak to decrease gradually. For the channels within 0.5 THz , j f j , 1.5 THz, newly generated noise that is due to FWM becomes distinct when L . 0.5L d , as discussed above, so the noise variance increases for L 0.76, 2.2L d , as shown in Fig. 2(b) . For j f j . 1.5 THz, the sliced pulses show peak amplitude instability owing to unstable spectral broadening when L 0.22L d . This instability decreases as the fiber length increases to L ϳ 0.6L d , where spectral broadening becomes stable as shown in Fig. 1(a) .
To evaluate system performance we employ a parameter DQ ͓dB͔ 20 log 10 ͑Q s ͞Q 0 ͒, where Q s and Q 0 are the respective Q factors of the sliced pulse and the input pulse. The Q factor is def ined as I ͞s, where I and s are the mean values of the signal's optical power and the noise's standard deviation sampled at the signal peak, respectively. Figure 2(c) shows DQ ͓dB͔ of 60 sliced channels versus the sliced frequency obtained by using the simple model. The change of DQ as a function of fiber length agrees with the above analysis.
Next, Eq. (1) is used for numerical analysis. Besides inf luencing dispersion, self-steeping leads to an asymmetric noise distribution across the spectrum at the f irst stage of noise evolution, whereas Raman scattering augments this asymmetry at the second stage. Here we discuss these two factors separately. First we consider only the self-steeping effect and modify Eq. (3) as
If we ignore high-order dispersion, the solution of Eq. (5) is the same as that of Eq. (4), but k is derived
Observing the first term of this value, we find that an additional time delay for the noise is generated, shown as 2gP 0 z͞v 0 . Thus the noise at the pulse peak is delayed to the tailing edge and also increases the FWM effect there. Next we consider Raman scattering. After the evolution of the f irst stage, the frequency of the signal components at the tailing edge is typically higher than that of the noise components. Thus the noise is viewed as the probe beam and is amplif ied by the tailing edge of the signal, which is of higher frequency. Meanwhile, the high-frequency signal components show f luctuation, and the quality of channels sliced from the spectrum of high frequency is degraded. The analyses above are verified by the asymmetric DQ versus the frequency prof ile, as depicted in Fig. 2(d) , with poorer performance at a short wavelength than at a long wavelength. The asymmetry is evident at the second stage, which indicates that Raman scattering dominates the asymmetry. Such asymmetry is enhanced when higher power and narrower pulses are used. 5 Figure 2(e) depicts DQ of the 60 sliced channels versus frequency with a pulse width (FWHM) of 0.4 ps and a peak power of ϳ300 W, where the slicing filter width (FWHM) is also increased to ϳ2.5 nm for fair comparison with Fig. 2(d) . In contrast, when the pulse width (FWHM) is .2.5 ps for N 13.5 (P , 8.5 W), the asymmetry induced by high-order nonlinearities becomes indistinct from another simulation. Thus the high-order nonlinearities have a significant effect on the system performance of SC sources for high input power and narrow input pulses.
Our analyses give some guidelines for performance optimization of SC sources. When the high-order nonlinearity is negligible, FWM helps to generate a wider spectrum when L is well beyond L m , but more noise is incidentally generated. When L ϳ L m , because of the dispersion difference between the signals and the noise a larger N or a longer f iber length 4 such as 1.5L m leads to a larger separation in time between the noise and the signal and thus improves the channels' performance after spectral f iltering. When the highorder nonlinearity is not negligible, our simulation shows that the longer-wavelength region of the SC exhibits better performance than the shorter-wavelength region as a spectrum-sliced source.
In summary, we have determined the cause of performance variation as a function of system parameter in SC sources. We found that high-order nonlinearity induced an asymmetrical DQ relative to the frequency prof ile. The analysis provides useful information for optimization of system parameters and the spectrum-slicing filter's position in designing SC sources for optical transmission applications.
